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ABSTRACT: In the context of strongly coupled electroweak symmetry breaking, heavy com- 
posite particles of different spin and parity may arise and cause observable effects at loop 
levels. We use an effective chiral lagrangian to describe the interactions amongst these 

\Q composite resonances and the SM fields. We study the effects of the composite particles 

on the Higgs decay into two photons and on the oblique T and S parameters. Consistency 
with the T and S parameters and the newly observed Higgs decay into 77 can be found, 

t^j- for axial vector masses in the range 1.7 TeV < Ma ^ 2 TeV and vector masses ~ O.8.M4, 

provided a non standard kinetic mixing between the W s and B° fields is included. 
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1 Introduction 

The ATLAS and CMS experiments at the CERN Large Hadron Collider (LHC) have found 
signals consistent with a ~ 126 GeV Higgs boson [1-4]. This discovery offers the possibility 
to unveil the mechanism of Electroweak Symmetry Breaking (EWSB). Still pending in 
the LHC studies is to establish the quantum numbers of this particle and to measure 
its couplings to the standard fermions and gauge bosons. In particular, it is important 
to determine whether the new observed state comes from a weakly or strongly coupled 
dynamics. Examples of weakly coupled scenarios of EWSB are the original Higgs sector of 
the Standard Model, Multi Higgs Models or their Supersymmetric extensions. Alternatively, 
strong scenarios correspond to composite models such as technicolor theories in their several 
versions. 

The current theory of strong and electroweak interactions, the Standard Model (SM), 
has proven to be remarkably consistent with all experimental tests, including high precision 
measurements [5]. However, there are reasons to believe that the SM is only a low energy 
effective framework of a yet unknown more fundamental theory. One of them is the hierarchy 
problem, which indicates that new physics should appear at scales not much higher than 
the EWSB scale (say, around a few TeV) in order to stabilize the Higgs mass at scales much 
lower than the Planck scale (~ 10 19 GeV). 

A possible scenario that solves this problem is that of a strongly interacting dynamics 
without fundamental scalars that becomes non-perturbative somewhere above the EW scale, 
causing the breakdown of the electroweak symmetry through the formation of condensates 
in the vacuum [6-11]. In the strongly interacting picture of EWSB, many models have 
been proposed, which predict the existence of composite particles such as composite scalars 
[12-40], composite vectors [41-54], composite scalars and vectors [55-71] and composite 



fermions [72, 73]. These predicted scalar and vector resonances play a very important role 
in preserving the unitarity of longitudinal gauge boson scattering up to the cutoff A ~ A-kv 
[48, 74-80]. One should add that a composite scalar does not have the hierarchy problem 
since quantum corrections to its mass are saturated at the compositeness scale, which is 
assumed to be much lower than the Planck scale. 

In this work we assume a scenario where there is a strongly interacting sector which 
possesses a global SU(2)l X SU(2)r symmetry. The strong dynamics spontaneously breaks 
this global symmetry down to its diagonal SU{2)l + r subgroup. The electroweak gauge 
group is, in turn, assumed to be contained in the SU{2)l x SU{2)h symmetry, so that 
the breaking of this symmetry down to the SU(2)l+r subgroup is in fact the realization 
of electroweak symmetry breaking. Consequently, the interactions among the Standard 
Model particles and all extra composite resonances can be described by an effective Chiral 
Lagrangian where the SU(2)l x SU(2)r is non-linearly realized. The explicit SU(2)l + r 
that remains plays the role of a custodial symmetry of the strong sector, which could 
be violated by the SM interactions at one loop level. The main sources of breaking of 
the custodial symmetry come from the hypercharge g' coupling and from the difference 
between up- and down- type quark Yukawa couplings. The strong dynamics responsible for 
EWSB, in general gives rise to massive composite vector and axial vector fields (V^ and A't, 
respectively) belonging to the triplet representation of the SU{2)l + r custodial group, as 
well as two massive composite scalars (h and H) and one pseudoscalar (rj) all singlets under 
that group. We will identify the lightest scalar, h, with the state of mass rrih = 126 GeV 
discovered at the LHC. All of these composite resonances are assumed to be lighter than the 
cutoff A ~ 4irv, so that they explicitly appear as fields in the effective chiral Lagrangian. 
Composite states of spin 2 and higher are assumed to be heavier than the cutoff, and so 
are disregarded in this work. 

These composite particles are important signatures of the strongly coupled scenarios of 
EWSB and they could manifest themselves either by direct production or as virtual states 
in loop corrections. The lack of direct observation at the LHC or any previous collider is 
expected if their masses are large enough, but their loop effects may still be detectable. 
In this work we study two processes where loop effects are important: the corrections to 
the oblique parameters S and T [81-84] and the decay rate h — > 77. Specifically, we use 
the high precision results on S and T to constrain the mass and coupling parameters of 
the model, and then study the rates of h — >• 77 which are consistent with the previous 
constraints and at the same time can explain the recently observed excess of this channel 
at the LHC. 

The organization of the paper is as follows. In Sec. II we introduce our effective La- 
grangian that describes the spectrum of the theory. In Sec. Ill we describe the calculations 
of our quantities of interest, i.e. the T and S oblique parameters and the rate h — > 77, 
within our model. In Sec. IV we study numerically the constraints on the model parame- 
ters, mainly masses and couplings of the extra composite fields, in order to be consistent 
with the high precision measurements as well as the two-photon signal recently observed in 
the LHC experiments. Finally in Sec. V we state our conclusions. 



2 The Effective Chiral Lagrangian with spin-zero and spin-one fields. 

In this work we formulate our strongly coupled sector by means of an effective Chiral La- 
grangian that incorporates the heavy composite states by means of local hidden symmetries 
[85]. As shown in the Appendix A and described in detail in Ref. [48], this Lagrangian is 
based on the symmetry G = SU {2) L x SU {2) c x SU {2) D x SU {2) R . The SU {2) c xSU (2) D 
part is a hidden local symmetry whose gauge bosons are linear combinations of the vector 
and axial vector composites, which we call V^ and A? respectively, with the SM gauge 
fields [cf. Eq. (A. 19) of Appendix A]. The SM gauge group, on the other hand, is contained 
as a local form of the SU {2) L x SU {2) R global symmetry of the underlying dynamics. 

As the symmetry G is spontaneously broken down to the diagonal subgroup SU(2)l + c+d+r, 
it is realized in a non-linear way with the inclusion of three link fields (spin-zero multiplets) . 
These link fields contain two physical scalars h and H, one physical pseudoscalar rj, the 
three would-be Goldstone bosons absorbed as longitudinal modes of the SM gauge fields 
and the six would-be Goldstone bosons absorbed by the composite triplets V^ and A^. 

The starting point is the lowest order chiral Lagrangian for the SU(2)l x SU (2) r/ SU (2) l + r 
Goldstone fields, with the addition of the invariant kinetic terms for the W and B bosons: 

C x = £ (pjJIPrt) - ^ (W^wn ~ ^2 (B^Bn + ^ (U^W^UB^) . (2.1) 

Here ( ) denotes the trace over the 2x2 matrices, U is the matrix that contains the SM 
Goldstone boson fields 7r a (a = 1,2,3) after the symmetry is spontaneously broken and 



transforms under SU{2)l x SU(2)r as U — > gnUg\- 



U = e>^\ (2.2) 

being r a the Pauli matrices. DJU is the covariant derivative with respect to the SM gauge 
transformations: 

D tl U = d ll U-iB tl U + iUW lli (2.3) 

and Wn,v anci B^ v are the matrix form of the SM tensor fields, respectively, 

WW = d v w » ~ d " W » - * i w ^ W A > B ^ = d » B » - d - B ^ ( 2 - 4 ) 

where W^ = gW^ T a /2 and B^ = g'B® t 3 /2 are the gauge boson fields in matrix form. 
Note that we added a kinetic mixing term W s — B°, proportional to a (so far arbitrary) 
coupling cwb- 

The vector and axial vector composite fields formed due to the underlying strong 
dynamics are denoted here as V^ = V^T a /v2 and A^ = A a T a /v2, respectively. They 
are assumed to be triplets under the unbroken SU{2)l + r symmetry. The parts of the 
SU(2)l x SU(2)f{ invariant Lagrangian for the kinetic and mass terms for these fields can 
be written as: 

£>v n = -\ (V^Vn + \Ml (V^W) , L k l n = -\ (A^An + l -M\ (AfA") . (2.5) 



Here the tensor fields V^ = \J pV v — SJyV^ and A^ u = y ^A v — \J U A^ are written in terms 
of a covariant derivative in order to include the electroweak gauge symmetry embedded in 
SU(2) L x SU(2) R [48]: 

Vm v v = d^v u + [r M , k] , v^a u = d„A v + [r M , a„] , (2.6) 

where the connection T^ satisfies T = —T^ and is given by: 
1 



^" 2 



u ] (du-iB^u + uidu-iWu)^ , with u = VU. (2.7) 



Assuming that the underlying strong dynamics is invariant under parity and considering 
the heavy spin-one composite fields as the gauge vectors of a spontaneously broken hidden 
symmetry further terms in the Lagrangian appear, which include interactions of these 
fields with the SM Goldstone bosons and gauge fields. These terms, which are derived in 
Appendix A, Eq. (A. 29), are given by: 

infA 



Ay - -^ (V^ (uW^ + u^B, u u)) - ^= {V" [u„u v ]) 

{{8^ - dv^ + [r M , uv] - [T u , «„]) [V, u v ]) , (2.8) 



2^2 
Cia = ^j= ((d^Uu - d u u^ + [T M u v ] - [T u ,u^])A^) 



ifA I 

2^2 



( (uW^ + u^B^uj [A», it"]) , (2.9) 



where u^ = u^ = iu'D^Uu' is a quantity that transforms covariantly under SU(2)l + ji. 
For later convenience we have also redefined the couplings in terms of the dimensionless 
quantities fy, gy and /a [see Eqs. (A. 29) and (A. 35) of Appendix A], which depend on the 
masses of V^ and A^ according to: 

fv = — =1/; j-r, 9v = — 7, — fv, fA = -Kf v , (2.10) 

g c V 1 - K My 2 

where k = MyjM\ [see Eq. (A. 35)]. In this way, the interactions of the vector fields 
V£ with two longitudinal weak bosons are characterized by the coupling gy, while the 
interactions of V£ with one longitudinal and one transverse gauge boson are characterized by 
both gy and fy. In turn, the interactions of the axial vector fields A a with one longitudinal 
and one transverse gauge boson are characterized by the coupling /a- Another important 
feature is the mixings of V^ and of A a with the Standard Model gauge fields; these mixings 
are proportional to gfy and gfA, respectively. 

Now, concerning the interactions of two of these spin-one fields with the SM Goldstone 
bosons and gauge fields, as shown in Appendix A, these are described by the following parts 
of the Lagrangian: 

C-2V = -^ ([V,M [<«"]) + ^ ([V^u v ] [\V»,u»] - [VW])> 

+l(\V t ,V v ] (uW^ + u^B^u)), (2.11) 



C2A = ~^~ {[A„A V ] [«",«"]) + ^ ([A„u u ] ([A»,u»] - [A",u"})) 

+ l - l[A^,A v ] (uW^ + ^B^u)), (2.12) 



-y ((^-d^ + [rv,«„] - [r,,^]) [w,^]> . (2.13) 

In turn, the interactions involving three heavy spin-one fields, also derived in Appendix A 
and included in Eq. (A. 29), are described by the terms: 

C 3V = ^=(V^[V„V U ]). (2.14) 

C3A = -^([A ll ,A v ][A>',vr\), (2.15) 



- ([1 ,, WX1) _- 



^A, 2 y = -^i <[^,K] [A",u"]) - -^ <[^,u„] ([*"*, A"] - [^,4"])) . (2.17) 



The interactions given in (2.14)-(2.17) are controlled by the dimensionless parameter gc, 
which is the coupling constant of the hidden local symmetry SU (2) c and SU(2) D . In 
particular, C^y describes the cubic self-interactions of V^. Notice that, since gc = l//v [cf. 
Eq. (2.10)], these self-interactions are strong when the mixings between the heavy vectors 
and the SM gauge bosons [cf. Eqs. (2.8, 2.9)] are weak. 

Continuing with the expansion given in Eq. (A. 29) of Appendix A, the quartic self- 
interactions of Vp, and of A^ are proportional to g c , and are described by the terms: 



^v = ^([V„,V u ][V^V v }), (2.18) 



C iA = 9 f([A„A u ][A^A^]). (2.19) 



C 2 V2A = °f {[V^A V ] ([V^A»] - [V\A»])) + 9 -f (\y„V„] [A»,A»]) . (2.20) 

Since V® and A a are linear combinations of the gauge bosons of the hidden local symmetry 
SU(2) C x SU{2) D and of the SM gauge fields [see Eq. (A. 19) of Appendix A], the field 
strength tensors corresponding to the gauge bosons of this hidden local symmetry will 
include the field strength tensors of V? and A a as well as those of the SM gauge bosons 
[cf. Eqs. (A. 21, A. 22)]. Because of this reason, additional contact interactions involving the 
SM gauge fields and Goldstone bosons having couplings depending on fy, Ja and gy (see 



Eq. 2.10) will automatically emerge from the invariant kinetic terms for the gauge bosons 
of the SU (2) c x SU (2) D sector. These contact interactions are given by: 



fl 

8 

-,2 



Ccontact ~- ^ (((d^u u - d uUfl + [T ^ u v \ - [T v , Ufl ])) ((0V - d v u» + \T» , u v \ - [T", «"]))> 

fl 






(2.21) 



These contact terms ensure that the scattering amplitudes involving SM particles have 
good behaviour at high energies. For example, as shown in Ref. [63], the second term in 
Eq. (2.21) which contains four derivative terms involving only the SM Goldstone bosons, is 
crucial for having a consistent description of high energy WW scattering. 

In addition to V^ and A^, the underlying strong dynamics after spontaneous symmetry 
breaking gives rise to two (composite) scalar singlets, h and H, and one pseudoscalar singlet, 
r\. We assume the scalar singlet h to be the m = 126GeV boson recently discovered at the 
LHC, while the other fields are assumed to be heavier. The kinetic and mass terms for 
these spin zero fields, as well as their interactions with the SM Goldstone bosons and gauge 
fields, are derived in Eqs. (A. 4), (A. 31), (A. 34) and (A. 35) of Appendix A. They are given 
by: 



Ch 



1 
2^ 



II I 7 



d u hd»h + '^h 2 



9c v 



2^/2 (1-k) 



h (W) + 



9 c\}n 



2J1-K 



V2 



-h(A^) 



+ 



2k 2 - (1-kY- 



4^/2 



-/, M - 3 ^ E ^MV), 



(2.22) 



C H 



1 



d u Hd»H + 



7?) 



H tt2 



H z + 



9c v 



2^2 (1-k) 



H (V»V») + 



9 2 c(^ + 



Ik, 2V1-k 



V2 



+ 



2«J + (1 - k) 2 



-H(A^) 



4^/2 



-H (u^) + 3c(VT^-2^)v H {A ^ } f (2 _ 23) 



c v = \d^ n + ^V + -^= k (VpA") v + 9cV ^~ KV (v^) v- 



(2.24) 



In turn, the interaction terms that include two of these spin-zero fields coupled to the 
SM Goldstone bosons or gauge fields, or to the composite V^ and A^ fields, are also derived 
in Appendix A, Eqs. (A. 31), (A. 34) and (A. 35). They are given by: 



C 2h = &h 2 (V^) + ^h 2 (A»A») + ^ [(1 " k? + 4k 2 ] h 2 <uX 
gc (1 - 5k) 2 



8^/2 



h 2 (A^) 



(2.25) 



9C tt2 /t/ , /W , %C T_r2 I A AU\ , 1 



\2 , .2 



r 2 /,, „M\ 



£ 2 H = ^ <^> + -j^iP (A^) + - [(1 - kY + W\ H* ( Ufl u 

+ g 1^ > g2(V) ' (2 ' 26) 



+ gc(l-«) 7?2( , M)? (2 _ 2?) 



o o lb 

g c (1 + 3/c) 
T-/| hH{A^), (2.28) 

^ = " A <^ M > hr, - ^-f 9c iy u ^) hrj , (2.29) 



2\/2 

^, = ^ (V»A») Hr, + fc^ (V M u"> Hv- 



(2.30) 



Finally, we also consider the mass terms for the SM quarks as well as interactions 
between the light Higgs field h and the SM fermions as originating from Yukawa-type terms 
of the form: 

^-T2^^ u { 1+a ^)Q,S) +h - c -' <2 - 31) 

where A"- and \f- are the up and down type quarks Yukawa couplings, respectively. Here 
a hff parametrizes in our model a deviation factor from the SM Higgs-fermion coupling (in 
the SM this factor is unity). In order to cancel the growth of the W^Wi — > ff scattering 
amplitude at high energies (where / represents Standard fermions), ahff should satisfy 
[16, 63]: 

1 2^ 
a hf f - — § -j, (2.32) 

a-hww 2k3-(1-k)2 

where ahww, m obvious notation, represents an extra numerical factor in the coupling 
hWW (also of value unity in the Standard Model). 

Since the vectors V^ as well as the scalars h and H contribute to the elastic WW 
scattering amplitude, a good asymptotic behaviour of the latter amplitude at high energies 
will yield a relation between the dhwWi a HWW an d gv parameters. Because of the extra 
contributions of the heavy scalar H and of the heavy vectors V^ in our model with respect to 
the SM case, a^ww wm turn out to be different than unity. Then, the unitarity constraint 



in both the elastic WW scattering as well as in WW —¥ ff scattering implies that a^// 
must also differ from unity, in the way described by Eq. (2.32). 

Summarizing, in the framework of strongly interacting dynamics for EWSB, the low 
energy interactions among the composite spin-zero fields, the composite triplets of spin-one 
fields, the SM gauge bosons, SM Goldstone bosons and the SM fermions can be described 
by the following SU{2)i x SU(2)n/SU(2)i J+ ii chiral Lagrangian: 

-^e// = C x + £-V n + ^i" + Av + C-1A + £-2V + £-2A + Av.lA + £>3V + ^3A 
+£-V,2A + £-A,2V + £-4V + £-4A + £>2V2A + ^-contact + C-h + £>H + £77 
+£-2h + £-2H + £-2r\ + £-hH + £>hn\ + ^Hr) + &h • (2.33) 

The above Lagrangian, excluding the Yukawa interaction as well as the modified kinetic 
W 3 — B° mixing (described by the coupling cwb), can be obtained from a gauge theory 
based on SU(2)l X SU(2)c X SU(2)d x U(1)y spontaneously broken by three Higgs doublets 
as shown in Appendix A. This construction guarantees that the scattering amplitudes will 
be well behaved at high energies, keeping under control the unitarity of the effective theory 
up to the scale of spontaneous symmetry breaking. Our effective theory is based on the 
following assumptions: 

1. The Lagrangian responsible for EWSB has an underlying strong dynamics with a 
global SU(2)l x SU(2)r symmetry which is spontaneously broken by the strong dy- 
namics down to the SU(2)l+r custodial group. The SM electroweak gauge symmetry 
SU(2)i x U(l)y is assumed to be embedded as a local part of the SU(2)i x SU(2)r 
symmetry. Thus the spontaneous breaking of SU(2)l x SU(2)r also leads to the 
breaking of the electroweak gauge symmetry down to U(l) em . 

2. The strong dynamics produces composite heavy vector fields V^ and axial vector fields 
A*, triplets under the custodial SU(2)l+r, as well as a composite scalar singlet h with 
mass rrih = 126 GeV, a heavier scalar singlet H, and a heavier pseudoscalar singlet 
rj. These fields are assumed to be the only composites lighter than the symmetry 
breaking cutoff A ~ Attv. 

3. The heavy fields V^ and A a couple to SM fermions only through their kinetic mixings 
with the SM Gauge bosons. 

4. The lighter scalar singlet h interacts with the fermions only via (proto)-Yukawa cou- 
plings. The heavy scalar H and pseudoscalar r] are fermiofobic. 

Our Lagrangian has in total five extra free parameters: the modified kinetic W s — B° 
mixing coupling cwb, the heavy vector and heavy axial vector masses My and Ma, and the 
heavy scalar and heavy pseudoscalar masses mu and m v . However, from the expressions 
in Appendix B we can see that the oblique T and S parameters have a low sensitivity to 
the masses of H and 77. Therefore, taking into account the experimental bound 600 GeV 
< mH,m r} < 1 TeV for heavy spin-0 particles, without much loss of generality we can fix 
mu = THn = 1 TeV. We are then left with three free parameters: cwb, My and Ma- In 



what follows, we will constrain these parameters according to the current status of high 
precision measurements and study the deviation from the SM predictions on h — > 77. 

3 Calculations of the rate h — )■ 77 and the parameters T and S. 

In the Standard Model, the h — > 77 decay is dominated by W loop diagrams which can 
interfere destructively with the subdominant top quark loop. In our strongly coupled model, 
the h — > 77 decay receives extra contributions from loops with charged V^ and A^, as shown 
in Figure 1. The explicit form for the h — > 77 decay width is given by: 



CV TY) 



256vr 3 ?; 2 



J2 a h f f N c Q 2 f F 1/2 (j3 f ) + a hWW F l ((3 W ) 

f 

2 

+a hVV Fi ((3 V ) + a hAA Fi (/3 A ) 



(3.1) 



where a/i// and ahww are given in Eqs. (2.32), while 



a-hvv 



2^/2 



O-hAA = « I .1 - 2\l dhVV- 



(3.2) 



Here j3i are the mass ratios f3,- L = m^/AM?, with M, = mf, M\y, My and M A , respectively, 
a em is the fine structure constant, Nc is the color factor (Nc = 1 for leptons, Nq = 3 for 
quarks), and Qj is the electric charge of the fermion in the loop. We should recall that 
k = My/M\ and My = gcvj \J\ — k, as shown in Eq. (A. 35). For the contribution from 
the fermion loops we will only keep the dominant term, which is the one involving the top 
quark. 





(WWWV\o 



WVWWVl 





(WWWWt 



WWWWt 



Figure 1. One loop Feynman diagrams in the Unitary Gauge contributing to the h — > 77 decay. 

The dimensionless loop factors F\/ 2 ((3) and F\ (f3) (for particles of spin 1/2 and 1, respec- 
tively) are [86-93]: 

F 1/2 ((3) = 2 [f3 + ((3-l)f (f3)] /T 2 , F 1 ((3) = - [2(3 2 + 3/3 + 3(2/3-1)/ ((3)] /T 2 , (3.3) 



with 



fW) 



arcsm 



In 



P, for P<1 

1+V1-/3- 



l-y/l^f- 



ITX 



for (3 > 1. 



(3.4) 



From the previous expressions it follows that the heavy vector contribution to the h — >• 77 
decay strongly dominates over the axial vector contribution when My <C Ma, since in this 
case we have a^yy 3> ahAA- 

In this work we want to determine the range of the heavy vector masses which is 
consistent with the events in the h — > 77 decay recently observed at the LHC. To this 
end, we will introduce the ratio i? 77 , which measures the 77 signal produced in our model 
relative to the signal within the SM: 



R 



77 



a (pp — > h) T (h — > 77) 
a (pp -> h) SM T(h^ 77)sm 



~ altt 



£(&-+ 77) 

r(/i^7 7 ) 



(3.5) 



SM 



This normalization of the branching ratio of h — > 77 to the SM prediction was also done 
in Ref.[94]. Here we have taken into account the fact that in our model the single higgs 
production is dominated by gluon fusion as in the Standard Model. 

The inclusion of the extra composite particles also modifies the oblique corrections 
of the SM, which have been obtained in high precision experiments. Consequently, the 
validity of our model depends on the condition that the extra particles do not contradict 
those experimental results. These oblique corrections are parametrized in terms of the two 
well known quantities T and S. The T parameter is defined as [81-84]: 



n 33 (Q) - iin (Q) 

(m z ) 



M^a e 



(3.6) 



where Yin (0) and II33 (0) are the vacuum polarization amplitudes for loop diagrams having 
gauge bosons W/|, W} and WJ^, W^ in the external lines, respectively. These vacuum 
polarization amplitudes are evaluated at q 2 = 0, where q the external momentum. The one- 
loop diagrams that give contributions to the T parameter should include the hypercharge 
gauge boson B® since the g' coupling is one of the sources of the breaking of the custodial 
symmetry. The other source of custodial symmetry breaking comes from the difference 
between up and down type quark Yukawa couplings. 

Now, considering the S parameter, it is defined as [81-84]: 



S 



4 sin 2 W g dll 30 (q 1 



Or 



(m z ) g' dq 2 



(3.7) 



where II30 (q 2 ) is the vacuum polarization amplitude for a loop diagram having W% and 



B^ in the external lines. 



The corresponding Feynman diagrams and details of the lengthy calculation of T and 
S that includes the extra particles in the loops are included in Appendix B. 
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Figure 2. The ratio i? 77 as a function of k for gcv — 0.8 TeV. The horizontal lines are the 

lues 
respectively [95-98]. 



i? 77 experimental values given by CMS and ATLAS, which are equal to 1.6 ± 0.4 and 1.8±Q'^g, 



4 Numerical study of effects on T, S and h — > 77. 

Let us first study the k dependence (k = My/M^) of the two-photon signal, given in terms 
of the ratio R^ of Eq. (3.5), trying to find values in the range i? 77 ~ 1 — 2. In Fig. 2 
we show i? 77 as a function of k, for a fixed value gcv = 0.8 TeV. This value for gcv was 

„2 

chosen in order to fulfill the condition -£- < 1, which implies gcv < 0.9 TeV. In any case, 
we checked that our signal i? 77 stays almost at the same value when the scale gcv is varied 
from 0.8 TeV to 1 TeV. This is so because the loop function F\ (/3) [see Eq. (3.3)] has a very 
low sensitivity to (5 in the corresponding range. 

As shown in Fig. 2, i? 77 ~ 1.7 is obtained for k ~ 0.078 and 0.71, which means a ratio 
My /Ma close to 0.28 or 0.84, respectively, in order to explain the excess of events in the 
h — > 77 decay recently observed at the LHC. In a looser way, in order to get 1 < i? 77 < 2 
we find that k has to be in the range 0.061 < k < 0.084 or 0.70 < k < 0.73. The range 

a 2 

0.1 < k < 0.7 is excluded because in this range -^ >> 1 and i? 77 gets unacceptably large 
values. In that range, the one-loop computation of i? 77 becomes unreliable. 

Let us now analyze the constraints imposed on the parameters by the values of T and 

5 given by the experimental high precision tests of electroweak interactions. As shown in 
Appendix B, in general the expressions for T and S exhibit quartic, quadratic and logarith- 
mic dependence on the cutoff A ~ 3 TeV. However, the contributions coming from loops 
containing the h, H and rj scalars are independent of the cutoff, except for a logarithmic 
dependence in the case of diagrams containing a scalar and a hypercharge gauge boson, and 
at most a quadratic dependence in the contact scalar loop contributions to the S parameter. 
As a consequence, T and S happen to have a rather mild sensitivity to the masses of H and 
77, and so we will restrict our study to a scenario where H and r\ are degenerate in mass at 
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a value of 1 TeV. In contrast, most of the other diagrams, i.e. those containing SM bosons 
and/or the composite spin-1 fields V^ or An, have quartic and quadratic dependence on the 
cutoff, and as a consequence they are very sensitive to the masses My and Ma- 

The definition of the T and S parameters and their calculation within our model are 
given in Appendix B [see Eqs. (B.l) and (B.30)]. We can separate the contributions to T 
and S as T = T$m + AT and S = S$m + AS 1 , where 

q i / m 2 \ 

Tsm = --„ ¥7 ~, S S M = j 7r hx(^) (4.1) 

are the contributions within the SM, while AT and AS contain all the contributions in- 
volving the extra particles. 

Then, the experimental results on T and S impose the restriction that AT and AS 
must lie inside a region in the AS — AT plane. Explicitly, the experimentally allowed region 
at the 95%CL in the AS — AT plane is the ellipse shown in Figs. 3. 

In order to have AT inside that region, we find that Ma should have a value in the 
range 1.76 TeV— 2.15 TeV and My ~ 0.84Ma, in order to satisfy these constraints, and at 
the same time yield a h — > 77 signal near the recent experimental observations at the LHC. 
For numerical purposes, we then proceed to select a few representative discrete values of 
the axial vector mass Ma, namely 1.76 TeV, 1.9 TeV and 2.15 TeV, and then compute the 
resulting T and S parameters. 

Accordingly, for the three chosen cases, namely Ma = 1-76 TeV, 1.9 TeV and 2.15 TeV, 
we find that the corresponding values of My must be 1.48 TeV, 1.6 TeV and 1.81 TeV in 
order to have an excess of events in the h — > 77 decay i? 77 ~ 1.7. Note that we have 
discarded the case My /Ma ~ 0.28, which also gives i? 77 ~ 1.7 [see Fig. 2. a], since in that 
case AT falls outside the experimental bounds. 

Now, continuing with the analysis of the constraints in the AT — AS plane, we also 
find that, in order to fulfill the constraint on AS as well, an additional condition must be 
met: for the aforementioned range of values of My and Ma, the S parameter turns out to 
be unacceptably large, unless a modified W 3 — B° mixing is added. Here we introduce this 
mixing in terms of a coupling cwb [ se e Eq. (2.1)]. While AT does not depend much on this 
coupling, AS does depend on it, because this coupling enters in the quadratically divergent 
loop diagrams involving the ir 1 ir 1 W 3 B° and 7r 2 ir 2 W 3 B contact interactions (where tx % are 
the SM Goldstone bosons), as well as in the W 3 — B° tree level mixing diagram. 

As it is shown in Figs. 3, we find that the coupling cwb should be in the ranges 
0.233 < cwb < 0.235, 0.186 < c WB < 0.189 and 0.132 < c WB < 0.133 for the cases 
M A =1.76 TeV, 1.9 TeV and 2.15 TeV, respectively. 

In Figs. 3. a, 3.b and 3.c we show the allowed regions for the AT and AS parameters, 
for three different sets of values of My and Ma- The ellipses denote the experimentally 
allowed region at 95% C.L., while the horizontal line shows the values of AT and AS in 
the model, as the mixing parameter cwb is varied over the specified range in each case. As 
shown, AT does not depend on cwb (i-e. the line is horizontal), while AS does. Moreover, 
the ranges for cwb clearly exclude the case cwb = 0, as AS would fall outside the allowed 
region (the point would be further to the left of the corresponding ellipse) . 



12 






AT 


0.3 




y^ \ 


0.2 




/ 


0.1 




/ : 


AS 0.0 










-0.1 




/ : 


-0.2 




: 




-0.2 -0.1 0.0 0.1 0.2 0.3 



-0.2 -0.1 0.0 0.1 0.2 



-0.2 -0.1 0.0 0.1 0.2 



M A = 1.76 TeV, M v = 1.48 TeV M A = 1.9 TeV, M v = 1.6 TeV M A = 2.15 TeV, M v = 1.81 TeV 
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Figure 3. The AS — AT plane in our model with composite scalars and vector fields. The ellipses 
denote the experimentally allowed region at 95%CL taken from [99]. The origin AS = AT = 
corresponds to the Standard Model value, with mu — 125.7 GeV and m t — 176 GeV. Figures 
a, b and c correspond to three different sets of values for the masses My and Ma, as indicated. 
The horizontal line shows the values of AS* and AT in the model, as the mixing parameter cwb 
varies over the ranges 0.233 < c WB < 0.235 (Fig. 3.a), 0.186 < c WB < 0.189 (Fig. 3.b), and 
0.132 < c WB < 0.133 (Fig. 3.c). 

As a final remark, we should notice that our results differ from those of Ref. [100], 
where the consistency with EWPT requires heavy vector masses larger than about 1.5 TeV. 
However, our model is different from the model of Ref. [100] in the sense that they use a 
tensor formulation instead of a vector formulation to describe the heavy spin-one fields, their 
spectrum does not include a pseudoscalar and, more important, the interactions involving 
more than one heavy spin-one field are not considered, so that vertices like hVV and hAA 
are absent. This implies that the heavy spin-one particles do not play a role in the h — >■ 77 
decay. However, that model does consider an interaction between the scalar, the SM gauge 
bosons and the axial vector involving a covariant derivative of the scalar field. We do not 
consider this interaction in the present work and we defer for a future study the inclusion 
of that interaction and the study of its effects in EWPT and h — >• 77 decay. 

5 Conclusions. 

We considered a framework of electroweak symmetry breaking without fundamental scalars, 
based on an underlying dynamics that becomes strong at a scale which we assume A ~ 3 
TeV. In general, below this scale there could be composite fields, bound by the strong 
dynamics. The spectrum of composite fields with masses below that scale is assumed to 
consist of spin-zero and spin-one fields, and the interactions among these particles and those 
of the Standard Model can be described by a SU(2)l x SU (2) r/ SU (2) l+r effective chiral 
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Lagrangian. Specifically, the composite fields included here are two scalars, h and H, one 
pseudoscalar rj, a vector triplet V£ and an axial vector triplet A". The lightest scalar, h, 
is taken to be the newly discovered state at the LHC, with mass near 126 GeV. We will 
also assume that only h couples directly to the SM fermions, but H and r] do not. In this 
scenario, in general one must include a deviation of the Higgs-fermion coupling with respect 
to the SM, which is parametrized here in terms of a coupling we call a>hff- This coupling 
is constrained from the requirement of good asymptotic behavior for the scattering of two 
longitudinal SM gauge bosons into a SM fermion pair. 

Our main goal within this framework is to study the effect of the composite particles 
in the decay h — > 77. We found this rate to be consistent with the LHC observations 
provided the ratio between the composite vector and axial vector masses falls in a narrow 
range M V /M A ~ 0.84. 

For consistency, we must check that the extra particles in the spectrum do not create 
an inconsistency with the high precision data that restrict the oblique parameters S and T. 
We found that the constraints on the T parameter at 95%C.L., together with the previously 
mentioned requirement of the h — >• 77 decay rate, restrict the axial vector masses to be 
in the range 1.76 TeV < Ma J$ 2.15 TeV. In addition, consistency with the experimental 
value on the S parameter requires the presence of a modified W 3 — B° mixing, which we 
parametrize in terms of a coupling cwb- We find that a non-zero value for this coupling 
is necessary. The precise value depends on the masses My and Ma-, but within the ranges 
quoted above, cy/B is between 0.1 and 0.3. 

We also found that the T and S parameters have low sensitivity to the masses of the 
scalar and pseudoscalar composites, because the dominant contributions to T and S arise 
from quartic divergent terms, which only depend on the heavy vector and axial vector 
masses, not on the scalars. Consequently, from the point of view of the T and S values, 
the masses of these fields are not restricted. 

In summary, we find that composite vectors and axial vectors do have an important 
effect on h — > 77, and their masses can be found such that the T and S parameters stay 
within their experimental bounds. However, one does require an extra W 3 — B° mixing, 
which in any case can be included in the Lagrangian still respecting all the symmetries. We 
also find that modified scalar-fermion couplings may appear, in order to preserve unitarity 
in the scattering of gauge fields into themselves and into fermion pairs. 

Note that we find quartic and quadratic divergences in both T and S, while decon- 
structed models only yield logarithmic divergences for both parameters. This is due to the 
kinetic mixings between the SM gauge bosons and the heavy spin-one fields, which mod- 
ify their propagators, introducing different loop contributions to the oblique parameters. 
Also worth mentioning is that we did not include composite fermions below the cutoff scale 
A ~ 3 TeV, which may affect the oblique T and S parameters as well. An extension of 
the model could include composite quarks, a fourth quark generation and/or vector-like 
quarks. Their effects on the oblique parameters and on the h — > 77 decay rate may be 
worth studying. Since the inclusion of extra quarks give a positive contribution to the T 
parameter as shown in Refs.[19, 21, 33, 73], we expect that an extension of the quark sector 
will increase the upper bound on the axial vector mass obtained from oblique parameter 
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constraints, because the T parameter takes negative values when the heavy axial vector 
mass is increased. Addressing all these issues requires additional and careful analysis that 
we have left outside the scope of this work. 
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A Spontaneously broken SU (2) L x SU (2) c x SU (2) D x U (1) Y gauge theory 

Let us consider a theory with a gauge group of 4 sites, SU (2) L xSU (2) c xSU [2) D xU (l)y 
We will assume that the interactions at some energy scale above a few TeV will cause the 
condensation of fermion bilinears, in a way somewhat analogous to what happens in QCD 
at the chiral symmetry breaking scale. The gauge symmetry is thus spontaneously broken 
to U(l) em . The dynamical fields that are left below the symmetry breaking scale will obey 
an effective non-linear sigma model Lagrangian of the form: 

C = Cgauge + £™ ~ V (£ LC , S CD , £ D y) , (A.l) 

where C gauge is the Lagrangian of the gauge fields, £®£ uge contains the kinetic terms for 
the Higgs fields that will break the gauge symmetry when the Higgses acquire vacuum 
expectation values, and V (Elc, ^cd, ^dy) is the Higgs interaction potential. They are 
given by: 

Cgauge = " £ ^ H^') > with I = L, C, D, Y, (A.2) 

i z 9i 

C gauge = ^ (d^D*^) + 2v% D (d^ CD D^ cd 

+2v 2 nv I ' D,Xn V D^^\ , 



and 



+2v 2 DY {d^dyD^y^ , (A.3) 



V Plc, Z CD , £ Dy ) = -fMc (v LC ^ LC ) - MR (XcnXcn) " ^ (%4) 

+ 3 4 Dr [(^dy^dy)) + kiv 2 cd v 2 lc (T i cd^ L c t 'Lc^cd) 

+k 2 v 2 lc v 2 dy (y, D y^ lc T, L c^ dy j + k z v 2 cd v 2 dy (y, dy ?> cd Zcd^ D y) ■ 

(A.4) 

The covariant derivates are defined as: 

D^u = <9 M £/j - iujjlij + ffijjw^, (A. 5) 
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where ail = (W^v^a^B^) with 



B„ 



9 -B°t 3 



w„. 



9 -W a T a 

2 " ' 



9C a a 




9C a a 


2 M 


a M - 


2 M 



(A.6) 



where it has been assumed that gc = <?d an d the indices /, J stand for I, J = L, C, D, Y. 
In turn, the field strength tensors are generically given by: 



OJ,, 



d^ u 



d„u, 



[wj,w£| • 



(A.7) 



To ensure the correct normalization for the Goldstone bosons kinetic terms, S^c, Hdy an d 
Ticd are defined as: 



->LC 



1 + 



V 



->DY 



1 + 



4fLC 



T^+TS^ 



J/lc, with U LC = exp 



4ulc* 



1 



1 



7T 



V2 >/2 



(A.8) 



Av DY 



Udy, with ?7dy = exp 



Av DY 



-IT ■ 



T2+T2 9 



(A.9) 



■•CD 



h -A- TJ 
I -I- ) Ucd, with C/cd = exp 



Av C D 



(a + p) 



VLC = VDY, 



(A.10) 



A.vcd 

a a r a and p = p a r a , being ir a , a a and p a the Goldstone bosons asso- 
ciated with the SM gauge bosons, the heavy vectors and heavy axial vectors, respecttively, 
and T a the usual Pauli matrices. In turn, h and H are the massive scalars and r\ is the 
massive pseudoscalar. The three Higgs doublets acquire vacuum expectation values, thus 
causing the spontaneous breaking of the SU(2)l X SU{2)c X SU{2)£> x U(1)y local sym- 
metry down to [/(l)em, while the global group G = SU(2) L x SU{2) C x SU(2) D x SU{2) R 
is broken to the diagonal subgroup H = SU{2)l + c+d+r- The Goldstone boson fields Ujj 
can be put in the form: 



Uu 



&& 



SU(2)j x SU(2)j TT T ^ ^ „ ,.„, 

where C//j G v ; ^S I,J = L, C, D, Y. (A.ll) 

J3 



These £ 7 transform under the full SU(2) L x SU(2) C x SU{2) D x I7(l)y as fj -*• g&h . 
Choosing a gauge transformation gj = £j we can transfer the would-be Goldstone bosons 
to degrees of freedom of the gauge fields: 



u u -»• i\u u ij = i, w ; 

and the Lagrangian of Eq. (A. 3) reduces to: 

2 



eM& + *%£.! = n /> 



(A.12) 



£gauge 



2v 



LC 



1 + 



'/ 



TS^+TS^ 



cV 



+2v 



LC 



1 + 



4^c 

-A" 



w - «a 



**' 



4v LC 

2 



n?-n 



ys2 



+ 2 ^ D (i + ^-|) ( (nj - n°) 2 ) + \d»hd»h + \d»Hd»H + ^ 



(A.13) 



rjd^r]. 
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Specifically, we will do a partial gauge fixing resulting in £y = £ L = e lw ' 4vLC and £c = 
£d = 1, which implies that a = p = and Uyd = Uql- This gauge fixing corresponds to 
the unitary gauge where the Goldstone boson triplets a and p are absorbed as longitudinal 
modes of Q,^ and Q®. These fields now transform under SU (2) L x SU (2) R according to: 



The O^ and fir* can be decomposed with respect to parity as: 



^M = v v + a M> 







D 



^u - a„, 



so that under £[/ (2)^ x SU (2) p one has the following transformations: 



W/, 



hvpfv + ihd a h' , 



a M -)■ /la^/i 1 ". 



Defining 

we can write the interactions of the gauge sector of Eq. (A. 2) in the form [46, 48]: 



and D,, a 



d a a u -i[v^,a u ] , 



1 



-gauge 



-gauge, SM 



*& 



J IMU 



i [a,j,, a v }) ) + ( {D^a u - D^a u ) 



(A. 14) 
(A.15) 

(A.16) 

(A.17) 

(A.18) 



Now, due to mixing with the SM fields, v a and a^ are not mass eigenstates. The vector 
and axial vector mass eigenstates as V a and A u , respectively, are actually given by the 
following relations [46, 48]: 



V M = v u -iT u , 



A a — a a + „ u a, 



where k will be determined below, and T^ is defined as: 
1 . „ r . 1 r 

r 



i 

27 



l r 
2 



tfl + nj) = J « f (5 M - *s„) « + « (9 M - iw a ) «t 



Considering these definitions, the strength tensors satisfy the following identities: 



V = ^ - * [^u: K] + T [%», «i/] + g ( uW uvU* + u'B^U ) , 



*7xz/ 



-^/if ~ ^/ii/ 



'/i ! ^^ r, U P 



+ i 



Vv i A u u^ 



where 



W„. 



d u W v -d v W u -i[W u ,W v 



BnV = dnBy — 8 V Bn, 



v, 



uv 



VaV u - VvV» = d»v v - d u v u + [r u , v v ] - [r„, v t 



u\ ' 



T-UV 



\/uA v — \/uA u — o u A u — 6 v A a + [1 u , A v \ — [1 „, A u \ 



u 



UV 



d a u v - d u u a + [r M , u v ] - [r„, u b 



(A.19) 

(A.20) 

(A.21) 
(A.22) 

(A.23) 
(A.24) 
(A.25) 
(A.26) 
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With these definitions and the aforementioned gauge fixing, the symmetry breaking 
sector of the Lagrangian becomes: 



L [ 2V2v LC 



32vl c 



16«ic 



(y V n) + ( Afl An + 



H-h 



1-k 



<«„«"> + (!-«) <A M ^> 
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, i h + H h 2 + 2hH + H< 
+8v C d 1 + ~ + 



1Qv CD 



2v C d 
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2 ( 



(V") + T M-«(V) 



(A.27) 



where one defines: 



Uf.^n^-n^iu^D^Uu 1 , with [7 



2 -n a T a 

u = e« 



and D^U = d^U-iB^U+iUW fM , 

(A.28) 
and where Z)^ is a covariant derivative containing the SM gauge fields only. 

With the further replacement V y 
Lagrangian becomes: 
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/t _i_ ,,t , 



'/if 



» 



+ _-= (y ^ ^ K]) + _^ (v K> ^ ]} + _=£ (v [FM) ^ ]} 






(LVAJL^X]) 



v _<[y^]([y^n-[v-,^])> 



2^/2 

+f <[^. ^i \y"> v "\) + f ([v ^' K] [^ A i> + f ([A "' Av] [A ^ AU]) 

~W2 {[V " ,Vu] [A " ,UU]) + ^ {[V " Av] i[V " ,AU] " [VV > A " ])) ■ 



(A.29) 
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where the correct normalization of the kinetic terms of the heavy spin-1 resonances implies 
[46, 48]: 



v " = 7! ray; ' A " = Tf*^ 



'- V' A* /q' "A" 

while the symmetry breaking sector of the Lagrangian takes the following form: 



(A.30) 
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(A.31) 



Since V^ and A^ define the mass eigenstates, the term A^u 11 should be absent in the previous 
expression, yielding the following relation: 



1-K 



V L C - KV CD = 0. 



(A.32) 



In addition, the requirement of having the correct W gauge boson mass implies: 
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The previous equations have the following solutions: 
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with < k < 1. 



(A.33) 



(A.34) 



Then, from the expressions (A.31) and (A.34) it follows that the masses of V^ and A a are 
determined by the parameters gc and k as: 



My 



9CV 



VT 



M A 



My 



(A.35) 



We now see that the diagonalization procedure determines k in Eq. (A. 19) as the mass ratio 
K = MyjM\. On the other hand, the strength of the gauge coupling gc determines the 
absolute value of these masses. The coupling gc also controls the kinetic mixing between 
V£ and the SM gauge bosons, while the kinetic mixing between A a and the SM gauge 
bosons is controlled by both k and gc, as seen in Eq. (A. 29). 

Consequently the Lagrangian that describes the interactions among the composite spin 
zero fields, the composite spin one fields and the SM gauge bosons and SM Goldstone 
bosons is given by: 



£ = C-gauge + C 9 °" U9e — V (T>LC, ^CD, ^Dy) ■ 



(A.36) 
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This same Lagrangian is described in Eq. (2.33), where the scalar potential has been ex- 
panded to quadratic factors of the scalar fields. We did not include the cubic and quartic 
scalar interactions in Eq. (2.33) as they are irrelevant to our calculations of the h — > 77 
decay rate and the oblique T and S parameters. 

B Calculation of the T and S parameters. 



The T parameter is defined as [81-84]: 



n-33 (o) - nil (o) 



a. 



M' 



M 2 W 



(B.l) 



where II11 (0) and II33 (0) are the vacuum polarization amplitudes for loop diagrams having 
gauge bosons W}, W^ and W2, W^ in the external lines, respectively. These vacuum 
polarization amplitudes are evaluated at q 2 = 0, where q the external momentum. The one- 
loop diagrams that give contributions to the T parameter should include the hypercharge 
gauge boson B® since the g' coupling is one of the sources of the breaking of the custodial 
symmetry. The other source of custodial symmetry breaking comes from the difference 
between up and down type quark Yukawa couplings. The corresponding Feynman diagrams 
are shown in Figure 4 and we computed them in the Landau Gauge for the SM gauge bosons 
and Goldstone bosons, where the global SU(2)l x U(1)y symmetry is preserved. Regarding 
the heavy composite spin-1 resonances, we use the Unitary Gauge for their propagators since 
the Lagrangian given in Eq. (2.33) does not include the Goldstone bosons associated to 
the longitudinal components of these heavy parity even and parity odd spin-1 resonances. 
From the Feynman diagrams shown in Figure 4, it follows that the T parameter is given 
by: 

T = T( n 2 B 0) + T(y3 B )7r 2) + T(l/3 B 0y3 i7r 2) + T(y2£0) + T( A 2 B 0) + T(y3 B 0y2) 

+T{A 3 B°,A 2 ) + T(V 3 B°V 3 ,V 2 ) + T(A 3 B0A 3 ,A 2 ) + T(V 3 B0,A 2 ) + ^(^^0^2) 
+T(V 3 B°V :i ,A 2 ) + T (A 3 B°A 3 ,V 2 ) + T(V 3 B°A :i ,V 2 ) + T(V :i B° A s ,A 2 ) 
+T(B°) + T(V 3 B°V :i ) + T {A S B°A 3 ) + T {V :i B°A s ) + T (V 3 -B°) + T (hB°) + T {HB°) 
+T{ V ,V S B°V 3 ) + T(h,A 3 B°A 3 ) + T {H,A :i B°A 3 ) + T (h,A 3 B a ) + T {H,A 3 B°)-> ( B - 2 ) 



where the different one-loop contributions to the T parameter are: 
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Figure 4. One loop Feynman diagrams contributing to the T parameter. 
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Now, considering the S 1 parameter, it is denned as [81-84]: 
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where H30 (q 2 ) is the vacuum polarization amplitude for a loop diagram having W^ and 
B^ in the external lines. As before, here q is the external momentum. 
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Figure 5. One loop Feynman diagrams contributing to the S parameter. 
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Corresponding to the Feynman diagrams shown in Figure 5, we decompose the S 
parameter as: 
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where the different one-loop contributions are: 
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